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IMAGING MICROARRAYS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Patent Application No. 60/328,760, filed Oct. 12, 2001. The
prior application 1s mcorporated herein by reference 1n its
entirety.

TECHNICAL FIELD

This invention relates to imaging microarrays.

BACKGROUND

Imaging microarray technology i1s a poweriul tool for
genetic research in constitutional and cancer genetics.

Typically, a microarray experiment involves hybridizing
labeled sample DNA to a chip yielding values for between
hundreds and tens of thousands of genes simultaneously.
Such an experiment includes the acquisition and analysis of
large datasets. Dataset processing includes the preparation of
genomic material, microarray fabrication, microarray scan-
ning, image processing, and microarray image analysis. Dur-
ing the image analysis phase, spot quantitation for the stored
microarray 1image of both the test and reference samples 1s
critical for understanding the nature of genomic variations 1n
the test sample.

SUMMARY

According to one aspect of the mvention, a method
includes acquiring an 1mage of a genomic microarray includ-
ing a target spot; processing the image to correct for back-
ground noise and chip misalignment; analyzing the image to
identify a target patch, edit debris, and correct for ratio bias;
and, detecting single copy number variation in the target spot
using an objective statistical analysis that includes a t-value
statistical analysis. In some embodiments, the target spot 1s
Deoxyribonucleic Acid (DNA). One or more of the following
features may also be included.

The method can further include preparing a genomic mate-
rial prior to acquiring the image and generating a microarray
of the genomic material on a solid substrate. Preparing the
genomic material also includes 1solating the genomic mate-
rial by a DNA extraction process followed by nick translation
labeling and polymerase chain reaction (PCR) labeling.

As another feature, the method includes the genomic mate-
rial having a range between 50-200 kilo base pairs (kbp).

In certain embodiments, the genomic microarray provides
a test genomic material marked with green receptors having a
first wavelength and a reference genomic material marked
with red receptors having a second wavelength. Both test and
reference genomic materials form the DNA spot by a hybrid-
ization process. The hybridization process 1s a comparative
genomic hybridization (CGH) process.

As another feature, the method additionally includes mea-
suring a fluorescent signal intensity of the target spot from the
test genomic material and the reference genomic material.
The fluorescent signal intensity of the first wavelength 1s
proportional to a copy number of the test genomic material,
and the fluorescent signal intensity of the second wavelength
1s proportional to a copy number of the reference genomic
material.

Further, subsequent to acquiring the 1image of the genomic
microarray and prior to correcting the background noise,
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processing the image includes automatically detecting mis-
alignment of the genomic microarray and correcting its rota-
tion.

As yet another feature, correcting the rotation of the
genomic microarray includes applying a bicubic interpola-
tion computation for pixel values of the image.

The method also includes correcting of the background
noise by computing the acquired image; computing a mini-
mum 1mage based on the computed acquired 1mage; comput-
ing a maximum image based on the computed minimum
image; subtracting a background image from the computed
acquired 1mage to obtain a resulting 1mage; and, optimizing
the correction of the background noise by 1dentifying a back-
ground peak of the resulting 1image and subtracting the result-
ing image to obtain a mean value of zero for a corrected
image.

The method also includes correcting the background noise
where the corrected image includes pixels having signed val-
ues. Further, the method also includes identifying a DNA
patch which includes obtaining an image of a theoretical set
ol patches; and, cross-correlating the image of the theoretical
set of patches to a counterstained 1mage.

The method also includes following the 1dentifying of a
target patch, e.g., a DNA patch, computing a threshold by
analyzing a pixel intensity of the counterstained image to
determine an mitial segmentation of the target spot; and,
performing a process for spot shape analysis and spot seg-
mentation.

Further, the method includes performing a spot 1dentifica-
tion analysis; and performing an artifact spot exclusion pro-
cess wherein an artifact spot 1s automatically excluded. More-
over, the editing of debris includes automatically removing a
spot debris by recognizing and excluding spot pixels within
the target spot having outlying intensity relative to a majority
ol the spot pixels.

The editing of debris includes transforming test and refer-
ence mtensities to polar coordinates having as a first coordi-
nate the overall intensity of spot signals and having as a
second coordinate the ratio; applying a standard statistical
test for outliers to the first and second coordinates; and, ana-
lyzing the shape of excluded spot pixels.

In addition, the method includes computing a ratio based
on a test and a reference fluorescence signal intensity value
associated with the target spot. The correcting of ratio bias
includes measuring, for example, a raw ratio representing a
ratio of total green fluorescence 1ntensity from the test fluo-
rescence signal intensity value and a total red fluorescence
intensity from the reference fluorescence signal intensity
value. The method further includes normalizing the raw ratio
by mathematical computation.

The correcting the ratio bias includes determining whether
a data relating to the image 1s known or unknown; i1 the data
is known, applying a first ratio bias equation, R=r7,

where R 1s the ratio, and r the reference intensity; and,

if the data 1s unknown, applying a second ratio bias equation,

Rcc}rrecﬁed: Gﬂgiﬂaf/Rpredicz‘edﬂ where Rcﬂrrecred 1s a corrected
ratio, R, ..., 1s anoriginal ratio, and R _ . .., 18 a predicted
ratio.

The method also includes the objective statistical analysis
having a t-value statistical analysis. The t-value statistical
analysis includes computing a ratio value using a test:refer-
ence data and a test:test data; computing a variance value for
the test:reference data and the test:itest data; applying an
adjusted t-statistical test derived from the ratio and variance
values; and, applying a final t-value equation for detecting
single copy number variation.
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The adjusted t-statistical test includes an equation,

1(k) = (%r(k) = Xp(k)Vnr +ng —2 |

(cr%(k) cr%(k)](m%(k) N nﬂs%-:(k)}

) ckik)  okk)

+

LR

where x (k) refers to a test:retference spot mean at a target
position k; n, represents a number of the test:reference spot
means; 0,-(k) is a theoretical variance of the test:reference
spot means; s,-(k) is a sample variance of the test:reference
spot means; X,(k) 1s a mean of a reference:reference spot
means; n, 1s anumber of the reference:reference spot means;
0,°(k)is a theoretical variance of the reference:reference spot
means; and s,”(k) is a sample variance of the reference:
reference spot means.

The final t-value equation 1s represented by

o = T~ TRUDVnr tne =2

( o 1 ](nrs%(k) +nﬂs%(k)]

nr AR 0 1

where the equation provides a final t(k) value including a
p-value for a difference between a measured mean ratio and a
calibration data mean.

Further, the method 1includes an objective statistical analy-
s1s including a target-modal statistical analysis. The target-
modal statistical analysis includes plotting a plausibly model
distribution data; determining 1f the distribution 1s signifi-
cantly normal and normalize the distribution data 1f the dis-
tribution 1s not significantly normal; computing an estimated
target mean and a lower 95% value for a confidence limit
interval, and reducing the confidence limit interval by a
median confidence internal over the spots and calculating a
confidence estimate for each spot.

The method includes estimating a relative copy number of
a genomic sequence from the target spot using the target-
modal statistical analysis.

According to another aspect of the invention, a computer
program product residing on a computer readable medium
causes the processor to acquire an 1mage of a genomic
microarray including a target spot; process the image for
correcting of a background noise and chip misalignment;
analyze the image for 1identitying a DNA patch, editing of
debris, and correcting a ratio bias. The computer program
product also causes the processor to detect of single copy
number variation in the target spot using an objective statis-
tical analysis.

One or more of the following features may also be
included.

The computer program product further causes the proces-
sor to measure a fluorescent signal intensity of the target spot,
¢.g., DNA, from the test genomic material and the reference
genomic material, where the fluorescent signal intensity of
the first wavelength 1s proportional to a copy number of the
test genomic material and the fluorescent signal intensity of
the second wavelength 1s proportional to a copy number of the
reference genomic material.

Subsequent to causing the processor to acquire the image
of the genomic microarray and prior to causing the processor
to process the image for correcting the background noise, the
computer program product further causes the processor to
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4

process the image further includes automatically causing the
processor to detect misalignment of the genomic microarray
and correct rotation of the genomic microarray. The genomic
materal includes a range between 50 kbp and 200 kbp.

The genomic microarray includes a test genomic material
marked with green receptors having a first wavelength and a
reference genomic material marked with red receptors having,
a second wavelength, both test and reference genomic mate-
rials forming the target spot by a hybridization process.

Further, causing the processor to correct rotation of the
genomic microarray mcludes causing the processor to apply
a bicubic interpolation computation for pixel values of the
image.

The computer program product further causes the proces-
sor to compute a ratio based on a test and a reference fluores-
cence signal intensity value associated with the target spot.

As another feature, the correcting of the ratio bias includes
measuring a raw ratio representing a ratio of total green
fluorescence 1ntensity from the test fluorescence signal inten-
sity value and a total red fluorescence intensity from the
reference fluorescence signal mtensity value.

As yet another feature, the computer program product fur-
ther causes the processor to normalize the raw ratio by math-
ematical computation.

In certain embodiments, the correcting of the ratio bias
includes determining whether a data relating to the image 1s
known or unknown. If the data 1s known, a first ratio bias
equation, R=r"” is applied, where R is the ratio, and r the
reference intensity. If the data 1s unknown, a second ratio bias
equation, R_,,,.creq Rorigmar/Roredicrea 15 applied, where
R o/ ecreq 18 @ COrrected ratio, R ..., 18 an original ratio, and
R, caicreq 18 @ predicted ratio.

The objective statistical analysis of the computer program
product, 1n certain embodiments, includes a t-value statistical
analysis. The t-value statistical analysis includes computing a
ratio value using a test:reference data and a test:test data;
computing a variance value for the test:reference data and the
test:test data; applying an adjusted t-statistical test derived
from the ratio and variance values; and, applying a final
t-value equation for detecting single copy number variation.

The adjusted t-statistical test includes an equation,

1(k) = (%r(k) =XV +ng -2 |

J (o%(k) ] cr%(k)](nrs%(k) ] ngsﬁ(k)]
ilr

oik)  oRk)
where X (k) refers to a test:reference spot mean at a target
position k; n represents a number of the test:reference spot
means; 0,-(k) is a theoretical variance of the test:reference
spot means; s, (k) is a sample variance of the test:reference
spot means; X,(K) is a mean of a reference:reference spot
means; n, 1s a number of the reference:reference spot means;
0,°(k)is atheoretical variance of the reference:reference spot
means; and s.*(k) is a sample variance of the reference:
reference spot means.
The final t-value equation 1s

FLR

o = 0 —Te@)DVnr +ng -2

\/( & 1 ][HTS%(I() ngsﬁ(k)]
— + +
Ftr Fflp v 1

where the equation provides a final t(k) value.
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As another aspect, the objective statistical analysis
includes a target-modal statistical analysis. The target-modal
statistical analysis includes plotting a plausibly model distri-
bution data; determining 1f the distribution 1s significantly
normal and normalize the distribution data 1t the distribution
1s not significantly normal. The target-modal statistical analy-
s1s also includes computing an estimated target mean and a
lower 95% value for a confidence limit interval; and, reducing
the confidence limit interval by a median confidence internal
over the spots and calculating a confidence estimate for each
Spot.

According to another aspect of the mvention, a processor
and a memory are provided which are configured to acquire
an 1mage of a genomic microarray including a target spot; to
process the image for correcting of a background noise and
chip misalignment; to analyze the image for identifying a
DNA patch, editing of debris, and correcting a ratio bias; and,
to detect single copy number variation 1n the target spot using,
an objective statistical analysis.

According to yet another aspect of the invention, a system
includes means for acquiring an 1image of a genomic microar-
ray mcluding a target spot; means for processing the image
for correcting of a background noise and chip misalignment;
means for analyzing the image for identifying a DNA patch,
editing of debris, and correcting a ratio bias; and, means for
detecting single copy number variation in the target spot
using an objective statistical analysis.

Embodiments may have one or more of the following
advantages.

The methods and systems offer the ability to study com-
plete genomes at the molecular level and 1 a largely auto-
mated fashion making DNA microarray technology a power-
tul analytical tool.

The methods further provide statistically robust computa-
tional processes capable of accurately detecting genomic
variation at the single copy level.

Manual adjustment and human intervention qualifies as a
bottleneck in the microarray analysis process. Consequently,
the methods provide reduce human intervention, offering an
automated and objective solution for microarray quantitation.

The methods further provide speed of processing and
analysis, allowing 1mage acquisition and analysis 1n an accu-
rate manner without unnecessary delays caused by non-auto-
mated processes. A microarray computational environment
provides a user with options for concatenating a number of
tasks thus allowing the user to analyze images as they are
acquired 1n the acquisition process.

An integrated microarray 1mage acquisition and analysis
process also provides a high level of sensitivity giving precise
measurements at the single copy level.

A user 1s not required to wade through complicated dialog
boxes to complete simple tasks such as generating a ratio
image, making the method efficient and user-iriendly.

The methods further offer a low cost alternative for expen-
s1ve microarray computing systems and non-integrated sys-
tems. The methods replace costly and non-efficient methods
with a more affordable approach for both academic and
industnal settings. Specifically, the use of one mtegrated pro-
cess capable of controlling the 1image acquisition system as
well as the analysis of the microarray 1images otlers signifi-
cant benefits of automation and accuracy. The present meth-
ods produce a streamlined workspace, allowing task integra-
tion of the various processes required to accurately analyze
microarray data.

The methods provide a robust microarray computing sys-
tem for obtaining data with superior quality and experimental

5

10

15

20

25

30

35

40

45

50

55

60

65

6

results. Specifically, the image acquisition process provides
higher quality images due to improved noise correction
mechanisms and tightly integrated hardware and software
components. Consequently, higher quality images are exam-
ined providing the automated tools a better analytical input
for giving the user more reliable and accurate results. In
addition, important experimental results associated with sta-
tistical values are provided with a higher degree of confi-
dence.

The methods also provide flexibility. Although the above-
described methods operate as a fully automatic analytical
process, the user may intervene if necessary at any stage of the
process, for correcting spot segmentation, conducting spot
identification, or performing automatic exclusion of debris.
Such tlexibility for the user at any stage of the 1mage acqui-
sition and analysis process can provide higher yield by res-
cuing poor quality chips, e.g. with many missing spots, physi-
cal damage to spots, or a lot of debris.

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this mvention
belongs. Although methods and equipment or soitware simi-
lar or equivalent to those described herein can be used 1n the
practice of the present invention, suitable methods, equip-
ment, and software are described below. All publications and
other references mentioned herein are incorporated by refer-
ence 1n their entirety. In case of contlict, the present specifi-
cation, including definitions, will control. In addition, the
maternals, methods, and examples are illustrative only and not
intended to be limiting.

The invention provides numerous advantages as described
above. Other features, objects, and advantages of the mnven-
tion will be apparent from the description and drawings, and
from the claims.

DESCRIPTION OF DRAWINGS

FIG. 11s a schematic diagram of a computerized system for
processing and analyzing genomic microarrays.

FIG. 2 1s a flow chart of a microarray detection process.

FIG. 3 1s a flow chart of a more detailed view of the
microarray detection process.

FIG. 4 1s a background correction process.

FIG. 5 1s a patch 1dentification process.

FIG. 6 1s an automatic editing process for image debris.

FIG. 7 1s a ratio bias correction process.

FIG. 8 1s experimental results of the ratio bias correction
process of FIG. 7.

FIG. 9 1s a process for a statistical t-value analysis.

FIG. 10 1s a process for a statistical target-modal analysis.

FIG. 11 1s experimental results of false positive counts

FIG. 12 1s a graphical plot of the statistical analysis of FIG.
10.

DETAILED DESCRIPTION

As described below, methods and systems of obtaining a
corrected 1mage of a microarray include acquiring an image
ol a microarray including a target spot, processing the image
to correct for background noise and chip misalignment, ana-
lyzing the image to 1dentily a target patch, edit debris, and
correct for ratio bias, and detecting single copy number varia-
tion 1n the target spot using an objective statistical analysis
that includes a t-value statistical analysis.

Referring to FIG. 1, a microarray computing system 10
includes a computer 12 such as a personal computer (PC) or
workstation (e.g., an IBM PC). The computer 12 1s connected
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to a network 14, such as the Internet, that runs TCP/IP (Trans-
mission Control Protocol/Internet Protocol) or another suit-
able protocol. Connections may be via Ethernet, fiber, wire-
less link, telephone line, and the like.

The computer 12 contains a processor 16 and a memory 18.
Memory 18 stores an operating system (“OS”) 20 such as
Windows98® or Linux, a TCP/IP protocol stack 22 for com-
municating over network 14, and machine-executable
instructions 24 executed by the processor 16. Computer 12
also 1ncludes an mput/output (I/0O) device 26 such as a com-
puter monitor for display of a graphical user interface (GUI)
28 to a user 30.

The microarray computing system 10 1dentifies specific
changes 1n genomic characteristics. In particular, the microar-
ray computing system 10 provides various processes related
to processing and analysis of image files such as an 1image file
42 residing in the microarray computing system 10.

The computer 12 1s connected to an 1mage acquisition
system 32 via an interface 34. The interface 32 uses a driver
(not shown) to communicate with the processor 16 and the
memory 18 of the computer 12. The image acquisition system
32 includes a detector 36, preferably a charge-coupled device
(CCD) camera, although any suitable image acquisition
device such as a laser scanner can be used. By way of
example, the image acquisition system 32 captures an image
ol a microarray 38 on a substrate 40, e.g., a slide or chip such
as a “DNA chip.”

The precise nature of the detector 36 1s not critical provided
that the image file 42 provides three independent two-dimen-
sional images for blue, green, and red fluorescence 1n suitable
registration with each other. However, the quality of the
images should be a primary consideration when choosing the
image acquisition system 32. A CCD camera detector 36
offers simultaneous acquisition of relatively large images,
e.g., of approximately 1 cm?. Thus, irrespective of the detec-
tor 36 used, the image file 42 produced by the 1mage acqui-
sition system 32 1s preferably generated by a high quality
image acquisition system 32.

The image file 42 1s fed to the computer 12 of the microar-
ray computing system 10 for processing and analysis. Gen-
crally, the user 30 enters information into the microarray
computing system 10 regarding fabrication and processing
characteristics of a given microarray. Optionally, the microar-
ray computing system 10 can obtain information regarding a
specific genomic material from an external or internal data-
base residing 1n a storage device via network 14.

Referring to FIG. 2, a genomic microarray detection pro-
cess 100 includes preparing a material, e.g., a genomic mate-
rial such as DNA 1n a preparation process 102. The prepared
DNA 1s used for generating DNA spots 1n a microarray 1n a
standard generation process 104. In certain embodiments,
first, many different probe DNAs are selected, prepared, and
printed on the microarray substrate. Typically, these various
different probe DNASs can be printed on many microarrays at
once. Each probe represents approximately 100 kbp, or
10,0007 of an entire genome. Moreover, each probe may be
printed as several replicate spots. Secondly and arbitrarily
later, whole genome DNA from the sample of interest (i.e.,
“test DNA™) 1s prepared, fluorescently labeled, and hybrid-
1zed to the DNA spots on a single microarray. Reference DNA
1s prepared, differently labeled, and simultaneously hybrid-
1zed to the DNA spots. Subsequently, the microarray 38 can
be 1maged.

In operation, the genomic microarray detection process
100 further includes acquiring an image of the microarray in
an acquisition process 106, and processing the image in an
image pre-processing process 108. Subsequently, the
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genomic microarray detection process 100 provides an ana-
lyzing process 110 where the resulting 1image 1s statistically
analyzed.

In describing the present embodiment, we follow a nomen-
clature convention where the spots of the immobilized
genetic material on the microarray are referred to as a target
and the whole-genome labeled DNA a probe.

FIG. 3 illustrates a detailed view of the microarray detec-
tion process 100. The microarray detection process 100
begins with the preparation process 102 of preparing the
probe genomic material. The preparation process 102
includes the manufacture of the microarrays. The labeling
and hybridization of the microarray of the sample and refer-
ence DNA then separately follows.

The generation process 104 for generating array spots fol-
lows. Genomic microarrays include spots of targets, e.g.,
DNA arrayed regularly on a solid substrate such as glass,
membranes, or metal. In certain embodiments, each DNA
spot can represent a small contiguous region of a genome. The
range of a genome 15 between 30 kbp (kilo base pairs) to 200
kbp 1n length. Such large-sized arrays are available, for
example, from Vysis, Inc., of Downers Grove, Ill. Using
larger sized genomic probes than complimentary DNAs (cD-
NAs) provides more sensitivity to gain or loss of a single copy
of the corresponding DNA from the sample and therefore
better results 1n the subsequent 1mage pre-processing process
108 and analyzing process 110.

Additionally, generating the array spots in the generation
process 104 includes preparing a suitable microarray sub-
strate to form the array spots. Accordingly, a microarray must
be designed, incorporating data such as layout information
for spot density and spacing between adjacent spots, and,
more 1mportantly, information about the genomic material
placed at each spot on the microarray. The microarray con-
figuration may include the number and type of pins that
deposit the spots the number of pin cleaning cycles, and the
like. Some of the information required are parameters needed
to configure the arrayer, and some are for tracking and log-

gIng purposes.

Microarrays are typically formed by robotically depositing
targets 1n a regular pattern on the solid substrate. The rigidity
of glass substrates and 1ts desirable optical characteristics are
preferable, but other types of substrates can be used. Glass
slides can be coated before use to increase the binding effi-
ciency of target material. A common coating used 1s chro-
mium, used for binding to glass through nonconvalent link-
ages mvolving the primary amines of the lysine residues.

In the generation process 104, specialized robotic nstru-
ments use capillary tubes, piezoelectric ink-jets, solid pins, or
pin-and-loop systems to deposit the target genetic material to
the target spots. Another design uses slotted steel pins to
transier the target material from a source plate to the slide.
Much like a quill pen, these slotted pins collect the probe by
capillary action and then deposit small aliquots of it each time
they contact the slide surface. Each pin typically takes up
0.1-0.6 ul (microliter) of genomic solution from the source
plate depositing approximately 0.3-1.0 nl (nanoliter) as the
array spot. Depending on the length of the genomic matenal,
a significantly large number of DNA or genomic spots can be
generated from a single loading of the pin, although in prac-
tice this number can be limited by factors such as evaporation
or by the total numbers of slides that can be positioned on the
robotic instruments. After the microarray substrate 40 1s
rinsed and dried, the substrate 40 1s now ready to be hybrid-
1zed with marked receptors. The microarray substrate can be
optionally diced 1nto smaller chips.
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Preferably, the microarray 1s manufactured so that each
target 1s represented by several replicate spots. The expecta-
tion that each of these spots should have the same test-to-
reference intensity ratio provides redundancy that can be
exploited to detect and reject artifacts, as well as to place a
confidence interval on the estimated copy number ratio.

In addition to test and reference hybridization, usually
green and red respectively, the spots are also counterstained
with a blue DAPI color. Specifically, 1t 1s necessary to acquire
an 1mage at both the green and red wavelengths to generate a
composite microarray 1mage representing both fluorescent
colors.

Following the sample preparation and hybridization pro-
cesses of the processes 102 and 104, the microarray 1s ready
to be scanned by the image acquisition system 32 in the
acquisition process 106. The acquisition process 106 detects
the hybridization results, 1.e., the intensity of fluorescent sig-
nals.

Hybridization by fluorescent labeled, whole-genomic
DNA results 1n signals on each target spot whose intensities
are proportional to the copy numbers of the corresponding
genomic loci. There are, however, substantial differences 1n
signal intensities from spot to spot caused, for example, by the
different targets containing different quantities of genomic
material. A quantitative assay can be obtained by co-hybrid-
1zing with differently-labeled normal reference DNA which
has known copy number, usually 2, and taking the ratio of
“test” to “reference” signal intensities, in a manner entirely
analogous to analysis of CGH. Thus, relative DNA copy
numbers of the test sample at the represented genomic loci
can be estimated. As with conventional metaphase target
CGH, the absolute copy number cannot be determined with-
out additional knowledge for calibrating the copy number of
at least one of the loci.

Once the image of the microarray 38 has been captured and
stored 1in memory 18 of the computer 12 of the microarray
computing system 10, the acquisition process 106 outputs the
image file 42. The image file 42 indicates, 1n the case of
fluorescent labeled receptors, the fluorescence 1ntensity, 1.e.,
photon counts or other related measurements, such as volt-
age, as a function of position on the substrate. Since higher
photon counts will be observed where more of the labeled
DNA sample has bound to a genomic target on the microar-
ray, and since the amount of DNA which binds to a target 1s
related to the copy number of the DNA at the corresponding
genomic locus, 1t 1s possible to determine change at the single
copy level of the genomic material as well as the relative copy
numbers of the sample at different loc1 from an objective
analysis of this data.

Once the microarray 38 i1s placed 1n the detector 36, the
image pre-processing process 108 includes checking (200) a
holder of the detector 36 for microarray misalignment caused
by incorrect alignment of the substrate chip with the chip
carrier. This causes rotation of the spot grid by an angle,
which can 1n extreme circumstances cause mis-identification
of rows and/or columns of the spots. In the 1mage pre-pro-
cessing process 108, 1 a microarray 1s misaligned, an auto-
matic detection and 1mage rotation correction process 202 1s
performed. The angle of rotation, 1 any, can be measured
automatically by precise location, to sub-pixel accuracy, of a
maximum of the power spectrum of the image corresponding,
to the basic spot spacing. If the angle 1s relatively large (e.g.,
greater than 1°), the whole 1mage could be rotated to com-
pensate for the misalignment.

Image rotation correction processes requires the computa-
tion of pixel values 1n the rotated image from the original
pixel values 1n the original image. Known rotation correction

10

15

20

25

30

35

40

45

50

55

60

65

10

processes methods exist, e.g. nearest neighbor, bilinear inter-
polation, bicubic interpolation, etc., some providing better
accuracy than others at the expense of slower operation and
more complex coding. In the present embodiment, the auto-
matic detection and 1mage rotation correction process 202
includes bicubic interpolation between the values of the four
nearest pixels.

Whereas the primary constraint of the acquisition process
106 15 data quality, the most important consideration in the
image pre-processing process 108 and the subsequent ana-
lyzing process 110 1s data analysis. Thus, obtaining the best
possible “raw” 1mage 1s critical for the acquisition process
106. This avoids compensating for the image acquisition
system 32 inadequacies by processing the image in software.
However, image processing cannot be entirely avoided. After
the automatic detection and 1image rotation correction process
202 1s performed, two 1mage correcting processes are per-
formed: a dark current correction process 204 and a back-
ground correction process 206.

Dark current 1s noise present 1n the absence of light input.
Dark current 1s measured 1n electrons per second and 1s 1ntro-
duced by any photon-detecting device such as CCD cameras
and scanners. This noise originates from thermal emissions
from the photosensor such as photocathodes, and/or leakage
current. Although 1n a properly designed system, noise can be
climinated, noise 1s mitially present 1n all optical measuring
systems. Because the quality of the raw 1image 1s critical for
accurate microarray quantitation, an important goal 1s to
maximize the signal-to-noise ratio.

The signal-to-noise ratio quantifies how well a true signal
from the noise of a microarray scannming system can be
resolved. It 1s typically computed by taking the peak signal
divided by the variation in the signal. If the microarray scan-
ning system has a poor signal-to-noise ratio, the variation in
the signal alone can prevent accurate quantitation of each
spot. Combining an integration duration of, for example, 3
seconds, a CCD camera gain of 4, and signal intensities of
approximately Y10 of the CCD dynamic range, dark current
caused by capture 1n the CCD wells of thermally excited
clectrons can be significant.

In the dark current correction process 204, dark current 1s
corrected by capturing a dark image with the same exposure
time and subtracting it from the image. In order to prevent
negative pixel values, a constant positive bias of approxi-
mately 1% of the CCD dynamic range 1s added to every pixel
of the image. In the dark current correction process 204,
per-pixel dark current bias 1s removed at the expense of an
increase, by a factor of the square root of two, 1n the noise
component caused by a random variation in the dark current
noise.

The imaging process 108 includes a background correction
process 206. To reduce the effect of nonspecific tluorescence,
such as autofluorescence of the glass slide or nonspecific
binding of test and reference genomic mixtures, the back-
ground correction process 206 1s performed. In particular,
background noise 1s caused by stray light, autofluorescence of
the cover slip and/or objective lens, and non-specifically
bound fluorophore on the slide surface. For these, 1t 1s rea-
sonable that the effects are constant or vary smoothly across
the 1mage, Therefore, the background noise level between
spots can provide a reliable estimate of the background noise
contribution to the total signal level within a spot. Back-
ground noise 1s particularly harmiul because 1t significantly
adds bias distorting the spot ratio computation. Consequently,
background noise subtraction 1s critically important to spot
quantitation.
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Background correction can be performed by first determin-
ing the local background intensity and then subtracting this
from the image. In the background correction process 206,
background noise 1s corrected by computing a background
image and subtracting it from the original image. The back-
ground correction process 206 causes the corrected 1mage to
have more contrast and the image directly correlates to the
actual measurements made.

Specifically, referring to FIG. 4, 1n the background correc-
tion process 206, after the original 1image 1s obtained (230),
the original 1image 1s smoothed (232) and the background
noise 1s estimated by computing a mimmimum value of the
smoothed image (234) and computing a maximum 1mage of
the minimum 1mage, 1.€., the background image (236). In the
computation for the minimum 1mage, the minimum transior-
mation 1s computed on an 1image that results from convolving
the original image with a 5x5 uniform smoothing filter. In this
example, this reduces the noise excursions on average by a
factor of 3, resulting in an 1mproved estimate.

Subsequently, the background image 1s subtracted from the
original 1mage (238). An optimization process (239) follows
where an 1mage mode 1s subtracted to obtain the “background
corrected image.” In the optimization process (239), the back-
ground peak of the pixel intensity histogram of the resulting
image 1s 1dentified and 1ts value further subtracted from the
corrected 1image, guaranteeing that in the corrected image, the
background has a mean value of zero.

Because higher frequency random noise 1n the 1image 1s not
reduced by background correction, the background-corrected
image has pixels of negative values. Truncating negative pixel
values to zero would 1impose a significant bias on spot inten-
sity quantitation. Therefore, the background-corrected image
includes signed pixel values.

Hereinafter, unless otherwise indicated, all images have
been background corrected by the background correction
process 206.

Referring back to FIG. 3, once the microarray image has
been processed and corrected for the various 1mage acquisi-
tion anomalies during the 1mage pre-processing process 108,
the analyzing process 10 1s carried out on the image file 42.

However, before numerical computation and substantive
data analysis can be performed, an objective identification of
pixels representing signals and nonsignal intensities 1s nec-
essary. Thus, a process 208 of patch i1dentification and pro-
cesses 210,212 and 214 leading to spotidentification follows.

Most large size chips are formed with several patches of
spots printed onto the solid substrate. A patch is a collection
of DNA spots printed 1n a regular two-dimensional grid pat-
tern unmiformly positioned separately from other similar
patches. Commonly, each patch is printed by one pin of a
multi-pin printer. Identifying the patches in the image limits
the region of the image where valid spots may occur, increas-
ing resilience to debris. Patches also provide a set of origins
for spot identification, increasing resilience to missing or
artifactual additional spots, and to possible displacement of a
subset of the spots caused by misalignment of a particular pin
ol a multi-pin printer.

FIG. S 1llustrates the patch identification process 208. First,
a theoretical specification of a set of patches 1s obtained (240)
from a file, database or another suitable techniques. Second,
the image generated from the theoretical set of patches is then
cross-correlated (242) to the DAPI counterstain 1mage, 1.€.,
the blue image of the microarray. Third, the result1s definitive
localization of the set of patches in the image, from which
consequently, patch 1dentification 1s performed (244).

Referring back to FIG. 3, following the process 208 of

patch 1dentification, the analyzing process 110 includes an
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initial segmentation process by threshold 210. In the mitial
segmentation process by threshold 210, a threshold 1s com-
puted by analyzing the pixel intensity histogram of the DAPI
counterstain 1mage. Accordingly, a set of above-threshold
pixels 1s obtained, and this set can be further processed by
masking it by a set of patches. Thus, debris lying outside of
the patches 1s immediately rejected.

A spot shape analysis and spot segmentation process 212
tollows. Although the set of above-threshold pixels within the
patches mainly represents the spots, spot identification can be
markedly improved by performing additional processes
based on knowledge of expected spot shapes.

There can be notable variations of signal intensity due to
the heterogeneity of the deposition of DNA during the
microarray printing process 102. In other words, with the
acquisition process 106, 1t 1s possible to have features that
show a “doughnut” or “coflee rng” appearance, with strong
fluorescence on the perimeter of the spots and dim fluores-
cence 1n the center, or 1irregular borders. Thus, printed spots
have a circular “coilee ring” shape and the above-threshold
pixels form a closed ring, or more infrequently, a ring with an
opening, 1.¢., a “C-shaped” ring.

In the spot shape analysis and spot segmentation process
212, the set of above-threshold pixels 1s first opened by per-
forming erosion followed by dilation. This effectively
removes tiny pieces of debris 1n thin filaments and/or debris
lying between the spots. Subsequently, the remaining set of
pixels 1s segmented by finding the connected sets of pixels.
Each connected set of pixels, referred to as a “spot object,” 1s
potentially a spot.

The spot forms obtamned as described above can be
improved by replacing a smaller spot object, by pixel count,
by its filled convex hull, 1.e., minimum enclosing convex
polygon, or by simply filling larger spot objects. Since these
operations may join previously separate spot objects, the
revised set of spot objects must be re-labeled 1nto a new set of
connected components.

The spot shape analysis and spot segmentation process
212, thus results 1n filled, mostly convex spot objects, each of
which 1s usually a single spot. Adjacent spots can occasion-
ally be joimned, often due to intervening above-threshold
debris. Pairs of joined spots having “dumbbell-shaped” forms
are explicitly recognized and separated at their “waist” nto
two spots. Other “very large” spot objects having larger than
4 times their expected spot area are entirely removed from the
set of spot objects, as described 1n later analysis.

The analyzing process 110 can further include a spot 1den-
tification process 214. Belore calculations are performed, a
determination 1s made concerning which spot objects repre-
sent probe spots and which spot objects represent debris or
other artifact.

A set of spot objects, 1.e., connected sets of above-thresh-
old pixels modified by all of the processes described above
212, mostly includes the spots to be analyzed. There may,
however, be additional spot objects as a result of fluorescent
debris. Moreover, one or more spots may be missing from the
microarray on account of physical damage, or missing on
account of very low fluorescence intensity.

Therefore, 1n the spot identification process 214, the set of
spot objects 1s optimally matched to a theoretical grid of spots
using a constrained relaxation classifier where each spot 1s
allocated to a grid point and after an initial “guess™ 1s made for
the assignment of spots to a grid point, various “constraints”
are added. Constrained relaxation classifier 1s a robust pattern
recognition approach mnmvolving a spot allocation framework
to classifier points such as grid points, which 1teratively esti-
mates the best possible identification of spots. Each iteration




US 7,636,636 B2

13

1s updated, complementing each other in correctness, and
relaxed to arrive at the best obtainable figure of mertit.

Examples of constraints include assigning only one spot to
one point on the grid, allocating only one spot to a grid point,
or allocating the spots to grid points that are “as close as
possible.” In a constrained relaxation classifier, initial set of
allocations 1s analyzed for inconsistencies, and an overall
figure of merit obtained. The grid positions (rows and col-
umns) are evaluated nudged and the constrained relaxation
classifier processed repeated until the set of allocations con-
verges to a “best” or highest obtainable figure of merit and
correct solution.

Thus, spots are matched to their closest grid location. As
described above, the classifier iterates to optimize a measure
of the overall it of the segmented spots to the specified grid.

Consequently, 1dentification of most and very often all of
the spots results from the spot i1dentification process 214.
Unidentified spots are not used 1n any further processes of the
analyzing process 110. Similarly, grid locations in the
microarray without an assigned spot do not contribute further
to the analysis of the corresponding target.

The analyzing process 110 includes an artifact spot exclu-
s1on process 216. Although readily and positively identified,
spots may show by their appearance that they may not provide
reliable measurements. For instance, spots that are too large,
too small, or are significantly elongated are automatically
excluded from further analysis.

Following the artifact spot exclusion process 216 and refer-
ring to FIGS. 3 and 6, the analyzing process 110 further
includes an automatic debris editing process 218. Spots may
contain debris that cause unreliable measurement although
not impacting the spot’s shape suiliciently for the spot to be
excluded by any of the processes of the analyzing process 110
discussed above.

The automatic debris editing process 218 removes spot
debris by recognizing and excluding pixels within a spot
having outlying intensity or ratio compared with the majority
of the pixels of the spot. Referring to FIG. 6, 1n a first step
(246), the automatic debris editing process 218 includes the
pixel test and reference intensities transformed to polar coor-
dinates corresponding to the overall intensity (radius coordi-
nate) and the ratio (angle coordinate) of each pixel in the spot.
In a second step (248), a standard statistical test for outliers 1s
applied to the intensity axis, 1.¢., the radius coordinate which
denotes pixel intensity. Sumilarly, the same standard statisti-
cal test 1s performed (250) on the remaining pixels for the
angle coordinate which denotes the pixel ratio. Thereafter, the
shape of the set of excluded pixels 1s analyzed (252) so that
pixels spatially adjacent to a significant “blob” of outliers can
turther be recognized and excluded.

Referring to FIG. 3, the microarray analyzing process 110
includes a ratio measurement and normalization process 220.
In the ratio measurement and normalization process 220, a
ratio computation 1s performed to obtain a spot’s “raw’ ratio.
The “raw” ratio 1s defined as the ratio of total test, e.g., green
fluorescence intensity, such as a Alexa green labeled probe
prepared from a test tissue, to a total reference, e.g., red
fluorescence intensity, such as a Alexa red labeled probe
prepared from a reference tissue. Total fluorescence 1s the
sum of background-corrected pixel values for all the non-
excluded pixels within the spot, 1.e., the sum of the intensity
values of all the pixels 1n the signal region. The total intensity
1s sensitive to variations in the amount of DNA deposited on
the surface of the microarray, the existence of contamination,
and anomalies 1n the acquisition process 106.

Fluorescence intensities depend on a variety of factors such
as labeling efficiency, fluorophore quantum etficiency, CCD
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quantum efficiency at given wavelengths, exposure time,
CCD camera gain, filter pass bandwidth, attenuation, and the
like. These factors are not determined with suificient accu-
racy to compute a standardized intensity. Therefore, the set of
raw ratios for every spot of the chip 40 1s normalized, preter-
ably using the median of the raw ratios, although techniques
of normalization using the mean of the raw ratios or the mode
of the raw ratios may also be used. For normalizing the ratio

using median values, every raw spot ratio 1s divided by the
median of the raw spot ratios. As a result of this normaliza-
tion, the median raw spot ratio 1s itself transformed to 1.0.
Median intensities are often preferred over arithmetic mean
intensities because median ntensities are less susceptible to
extreme values at either end of a distribution. The relevant
measure 1s the median of all the spot intensities, computed as
specified above, 1.e., total green intensity divided by total red
intensity. Thus, normalization eliminates experimental varia-
tions.

After normalization of the signal intensity data 1n the pro-
cess 220, a ratio bias correction process 222 1s carried out.
When a set of targets on the DNA chip 1s hybridized by
normal test and reference DNAs yielding supposedly equal
ratios from all spots, it 1s sometimes observed that the ratios
are 1n fact greater 1n the less bright spots than in the brighter
spots. This phenomena 1s known as “ratio vs. intensity bias”
(bias). Possible explanations for this phenomena may include
green autotluorescence or the occurrence of a different level
ol background “under” the spot as compared to “between” the
spots. Green autofluorescence relates to a contribution to the
spot intensity inherent in the spot which 1s unrelated with the
level of test DNA hybridization.

The model for the bias can be 1nitially characterized as:

R=(t+4)/(r+A4.) (1)

where R represents the measured ratio of a spot, t denotes
the total test fluorescence 1ntensity, r denotes the total refer-
ence fluorescence intensity resulting from the hybridization,
and A, and A, represent the non-hybridization autotluores-
cence for the test and reference signals, respectively. From
this computation, varnations from target to target are
observed. Because A, 1s typically greater than A , R increases
with reduction of the hybridization intensity.

It 1s inetficient and almost impossible to measure and com-
pensate for each per-target autofluorescence intensity. The
ratios for spots of modal copy number targets are consistent
with a curve according to the following equation:

R=1.0+log(1.0+5/F) (2)

where R denotes the ratio, r the reference itensity, and B a
non-negative constant.

Equation (2) 1s used within a normalized constant of pro-
portionality. The ratio bias correction process 222 first esti-
mates a value for B, then uses the value for B to apply a
suitable compensation.

The ratio bias model based on equation (2) above follows
the observed shape of the bias including the asymptotically
constant ratios of higher reference intensities. Moreover, cor-
recting the ratio bias according to equation (2) requires esti-
mation of a single parameter B as opposed to a linear fit
having two parameters or a quadratic fit having 3 parameters
to the observed bias. Consequently, the ratio bias correction
process 222 based on equation (2) provides a superior com-
putation for estimating ratio values.

However, the optimization of B 1n equation (2) can occa-
sionally be disturbed by local minima. More robust bias cor-
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rection 1s obtained by optimizing the non-negative constant B
in an alternative formula that also closely fits the observed
shape of the bias:

R=r"? (3)

Equation (3) 1s a model for the observed bias 1n modal
target spots, again within a constant of normalization, with
0<=B<=1.0. Consequently, equation (3) provides the prefer-
able computation for correcting ratio bias 1n a stable optimi-
zation.

Ratio bias correction of unknown data 1s performed using
a selection of “plausibly modal” spots whose normalized
ratios are close to 1.0 (in the range 0.7 to 1.4), A value of B 1s
chosen which minimizes the mean square difierence between
the set of normalized original ratios R ,, ..., and the set of
normalized predicted ratiosR ;.. according to equation 3.
The bias corrected ratios, then, for all the spots (not just those
selected above) are computed as follows:

(4)

The experimental results of the ratio bias correction pro-
cess 222 are shown on FIGS. 8a and 85. FIGS. 8a and 85 show
exemplary graphs of normalized ratios for each spot plotted
against 1ts reference intensity. FIG. 8a shows an extreme case
ol bias whereas FIG. 85 shows a case of lesser bias.

Referring to FIG. 8a, 1n the first graph 300, the y-coordi-
nate represents a normalized non-bias corrected ratio for each
spot and the x-coordinate represents the spot’s corresponding
reference intensity. In contrast, in the second graph 302, the
y-coordinate represents a bias corrected normalized ratio of
cach spot. The bias corrected graph 302 shows a more stable
and constant final plot than the graph 300 using the non-bias
corrected ratio data.

Referring now to FI1G. 85, data having a lesser bias than in
FIG. 8a was similarly plotted using the same coordinates as 1in
FIG. 8a. Although only a relatively small bias was present,
differences of the plots from the non-bias corrected graph 304
and the bias-corrected graph 306 are readily noticeable.

In comparing the graphs 300 and 302 from FIG. 8a and
graphs 304 and 306 from FIG. 8b, the higher ratio values
plotted 1n the graphs of FIG. 8a come from the X chromo-
some targets 1n a female vs. male hybridization. Thus, higher
ratios are better discriminated from modal ratios following
bias correction.

Following the ratio bias correction process 222, an objec-
tive detection process 224 for copy number change follows.
Comparing novel normalized ratios to the theoretical value of
1.0 1s not a suificient basis for detecting copy number change
because the mean target ratios obtained 1n normal vs. normal
hybridizations are not equivalent to 1.0. Consequently, as
shown 1n FIG. 3, the objective detection process 224 includes
two alternative processes for comparing ratios and detecting
copy number changes: a t-value statistical analysis 226 and a
target-modal statistical analysis 228.

Referring to FIG. 9, a t-value statistical analysis process
226 1s shown. The t-value statistical analysis process 226
provides an objective mechanism for analyzing cases where
the differences of modal target ratios from the theoretical
normal ratio of 1.0 are consistent for a target from experiment
to experiment.

Specifically, mean target ratios can be compared to the
corresponding per-target mean in multi-chip calibration data
thereby allowing adjustments for the consistent differences
between targets 1n the normal vs. normal ratio.

The t-value statistical analysis 226 1s based on the *“Stu-
dent’s t-distribution,” commonly referred to as the “t distri-
bution”. The t-test provides a statistical procedure for testing,
samples for a significant difference 1n means between two
groups. The t-test generally computes a standardized value

computed by dividing the difference in means between the
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two groups of data by its standard error, 1.e., the standard
deviation of the mean differences. In other words, it the
variability of the measurements in two normal samples 1s
equivalent, then they can be measured by a common variance
o”. This means that both samples have exactly the same
shape, and the variances are the same, i.e., 0°,=0°,=0". As a
result, the standard error of the difference 1n the two sample
means 1s represented by the following equation:

2 2
o1 o5 1 1
7,72 .:rz(_+_]
A % 11 %

Mathematically, then, if the appropriate sample estimate s*
for the population variance o, 1s used, the resulting test sta-
tistic has a t distribution, as shown below:

(3)

(6)

o (X1 —X2) — ({1 — 42)
\/SZ(L 4 i]
iy %)

What remains then is to find the sample estimate s* and the
appropriate number of degrees of freedom for the t distribu-
tion.

For the t-value statistical analysis 226, a final t-value analy-
s1s 1s mathematically computed based on a number of statis-
tical derivations.

A final t-value equation to be used 1n the present embodi-
ment 1s derived by a number of computational processes as
shown 1n FI1G. 9. First, the ratio values for the test:reference
and reference:reference hybridization are computed (260).
Test:reference hybridization refers to an analysis 1n which the
two hybridized DNA samples are derived from the test and
reference genomic material and the reference:reference
hybridization refers to an analysis 1n which the two hybrid-
1zed DNA samples are both derived from reference materials.

The ratio for the test:reference X (k) 1s as follows:

X AR =) +A AF)+B )

(7)

and the ratio for the reference:reference X (k) 1s represented
by:

Xr(K)=pg(k)+AR(k)+BR(k) (8)

where u(k) represents the theoretical value (or true) for the
ratios at a particular target (k), A(k) 1s arandom variable, with
mean zero and variance o_*(k) representing variation among,
means from different hybridizations, and B(k) 1s a random
variable, with mean zero and variance o, *(k) representing,
variation among spots within each hybridization.

Next, variance values for test and reference data are com-
puted (262) for the spots within each of the target. The values
of the variance o, (k) for the test:reference hybridization and

the variance 0,°(k) for the reference:reference hybridization
are as follows:

oh(k) = o7, (k) + io%w(k) )

mr

1 10
o5 (k) = % (k) + m—Ro%W(k) (10)

Thereatter, a comparison of the test and reference spots 1s
performed by comparing, for each position of the DNA, the
mean of a single test:reference hybridization with the pooled
mean from reference:reference hybridizations. However, the



US 7,636,636 B2

17

usual t-statistic cannot be used because the variance of the
spot mean for a test:reference hybridization does not equal the
variance of the spot mean for the reference:reference hybrid-
ization. Therefore, an alternate form of the t-value equation
can be applied (264). The following equation 1s referred to as
the adjusted t-statistical test:

(Fr(k) — Xp(k)V T + R =2 (11)

J[g%(k) cr%(k)][nrs%(@ HRS%(@]
+ +
it fig G-%(k)

ok (k)

where x (k) refers to the test:reference spot mean for a
target k; n, represents the number of test:reference spot
means, usually 1; o,7(k) is the theoretical variance of test:
reference spot means; s,--(k) is the sample variance of test:
reference spot means. In a similar fashion, x,(k) is the mean
of reference:reference spot means; n, 1s the number of refer-
ence:reference spot means, which must be more than 1; 0°
(k) 1s the theoretical variance of reference:reference spot
means; and s,~(k) is the sample variance of reference:refer-
ence spot means.

1K) =

Since the theoretical variances for o,°(k) and 0,°(k) are
unknown, theratio of 0~ (k) is assumed to be constant over all
targets. Let 0=0,7(k)/0,~ (k). The following equation for 0"
(k) is then used to compute the values for s (k) and 0,°(k),

1 12
k) = k) + — %, (6 -

where o denotes variation among hybridization means.
Subsequently, equations for computing 6 and s (k) are
derived, as follows:

med[s (k)] - LH*l'i*'j[ﬁ”%(l’\f)] + — i1:1‘1::«:1[,5*%(k)] (13)

mp mp
g =
med[s (k)]

1
>
_ Rk
Sp(K)

¥

1 2 1
"‘m—TST()

(14)

=3

Finally, using equation (13) and equation (14), above, in
combination with the adjusted t-statistical test, the final
t-value equation used in the present computation 1s derived:

Frtk) = Xg(k)Vnr +ng =2 (15)

\/( & 1 ](HTS%(k) ngsﬁ(k)]
— + — +
Ftr Flp ¢ 1

Equation (15)1s now applied to the ratio data (266) to arrive
at the difference between the two samples, leading to the
completion and end of the statistical data analysis. Moreover,
the final t-value obtained from equation (15) 1s distributed as
a central t-distribution with a suitable number of degrees of
freedom. Preferably, in applying equation (15) to the ratio
data, the results are reported as the significance or p-value of
the difference between the measured mean ratio and the cali-
bration data mean. A method for objectively interpreting,
comparative genomic hybridization (CGH) using these equa-
tions has been developed and 1s described 1n greater detail in
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Moore et al., “A t-Statistic for Objective Interpretation of
CGH Profiles,” Cytometry 28:183-190 (1997), published by
Wiley-Liss, Inc.

Referring now to FIG. 10, an alternate embodiment of the
objective detection process 224, namely, a comparison of the
target-mean to the distribution of modal targets analysis pro-
cess 228, 1s shown. Unlike the t-value statistical analysis
process 226, the comparison of the target-mean to the distri-
bution of modal targets analysis process 228 does not require
any reference or other data which 1s external to the analysis of
a single chip. The comparison of the target-mean to the dis-
tribution of 1odal targets analysis process 228 compares a
target’s confidence interval with the confidence interval of
modal targets.

In particular, the comparison of the target-mean to the
distribution of modal targets analysis process 228 includes
comparing the mean and standard error of a single target with
the distribution of all targets whose copy numbers are “plau-
sibly modal,” 1.e., believed neither to be gained nor lost. The
comparison of the target-mean to the distribution of modal
targets provides a probability value for a significant change
that 1s reasonably “honest”.

Furthermore, the computations associated with respect to
FIGS. 10-12 use log-ratios since the distributions may be
significantly skewed by random noise in ratio-space, but are
unskewed 1n log-ratio space.

Retferring to FIGS. 10-12, the comparison of the target-
mean to the distribution of modal targets analysis process 228
includes 1dentifying the plausibly modal targets and measur-
ing the mean and standard deviation of their distribution. This
distribution 1s shown by a distribution curve 400 1n FIG. 12.

FIG. 11 illustrates experimentally the numbers of false
positives detected at different confidence levels by the com-
parison of the target-mean to the distribution of modal targets
method. In this context, a false positive 1s a target which has
modal DNA copy number but has been 1dentified as having
non-modal DNA copy number. At any given confidence level,
1.e., p-value, 1t 1s expected that a certain number of false
positives 1s present. If the p-values computed by the proce-
dure are “honest,” the number of false positives closely match
the number predicted by the confidence value. For example, 1t
can be predicted that one out of every one hundred modal
targets will be false positive with p<0.01, while only one out
of every one thousand modal targets will be a false positive
with p<0.001. In an exemplary spot segmentation and 1den-
tification applied, false positive targets observed at different
probability thresholds were obtained and a comparison made
between the number of observed targets to the number of
targets predicted from the probability thresholds. FIG. 11
shows the observed and predicted false positives ina set of 10
chips each with 191 targets, 180 of which should have shown
modal copy number results. As illustrated 1n FIG. 11, the
modal distribution has less extended tails and a higher kurto-
s1s than the fitted normal distribution. Nevertheless, the prob-
ability estimates are shown to be relatively honest.

The comparison of the target-mean to the distribution of
modal targets analysis procedure 1s as follows. u, 1s the esti-
mated mean ratio for a target, computed (276) from the rep-
licate DNA spots for the target. If u, 1s greater than one
(1indicating the likelihood of a gain of copy number), the lower
95% confidence interval limit of i1 1s computed using a t-dis-
tribution. Thus, the lower 95% confidence limit 1s computed
(278). Lys, as shown 1n FIG. 12, denotes the lower 95%
confidence limit for p. Therefore, the target’s true ratio 1s
greater than Lo with 95% confidence.

Since there 1s a 95% confidence that the reported probabil-
ity 1s an overestimate of the true probability, the reported
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probability can be made substantially more realistic by an
optimization process. Specifically, the per-target confidence
interval 1s reduced (280) by the median per-target confidence
interval over all targets. The result 1s that the significance
values for the targets on the microarray can maintain the same
rank order. The confidence interval reduced by the median
confidence interval 1s shown as Lo s+median(u,~L, o5) n FIG.
12, where ., 1s the estimated mean for target 1,1, o5 15 1ts lower
95% confidence interval, and the median 1s taken over all
targets.

Next, the probability value for the null hypothesis that this
target actually has modal copy number i1s obtained as the
cumulative probability above Los+median(u,-L;o5) 1 the
normal distribution fitted to the plausibly modal targets.

If the mitial mean ratio estimate for the target 1s less than
one, indicating the possibility of a copy number less than
modal, then the above process 1s modified by replacing lower
confidence limits with upper confidence limits everywhere.
The probability value for the null hypothesis that such a target
actually has modal copy number 1s obtained as the cumulative
probability below Ugs—median(U, o5—1,) in the normal distri-
bution fitted to the plausibly modal targets, where U, and
U,os are the corresponding upper confidence limits. By
repeating the process for every target, the probability estimate
for each target to have non-modal copy number 1s calculated
(282).

FI1G. 12 15 a graphical representation of the comparison of
the target-mean to the distribution of modal targets analysis
228 1llustrated with the help of a distribution graph 400. The
distribution curve 402 represents a normal distribution fitted
to the “plausibly modal” targets. These targets are initially
defined as those spots with normalized ratio preferably in the
range 0.65 to 1.35. A mean 404 1s denoted by p .

Another distribution curve 406 represents a sampling dis-
tribution of an exemplary target, 1.e., a normal distribution
with a mean equal to an estimated target mean u, 408, and a
standard deviation equal to the standard error of the estimated
mean 408. Although this example assumes a gain in copy
number, losses are represented in a similar fashion.

With 95% confidence, the probability that a given target 1s
“plausibly modal™ 1s no greater than the cumulative probabil-
ity 1f the distribution curve 402 1n the area to the right of L.
(410). Since the probability limits thus computed will be
overestimates m 93% of cases, better estimates may be
obtained by reducing the per-target 95% confidence interval
by the median confidence interval, while maintaining the rank
order of the probability estimates. This 1s shown graphically

by the line labeled Lys+median(u,—; o5) in FIG. 12.

An alternative method 1s also based on a t-test formulation,
which works with data internal to the analysis of a single chip
(adapted difference of two means).

Normal copy number spots are found by a simple rule (lie
between a lower and upper threshold; this could be replaced
by a formal outlier analysis). These are then used to estimate
the mean and variance for apparently normal spots. Then
every target in turn 1s compared with this distribution, using a
difference ol means t-test. The null hypothesis 1s as follows:
that the observed mean for the target, given 1ts within-target
variance, 1s not significantly different from the mean of the set
ol apparently normal spots given their estimated variance.
This 1s different from the formulation of a standard difference
of means t-test, because the reference population 1s believed
not to have a homogeneous distribution, but rather 1s com-
prised of a distribution of per-target distributions. Thus the
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inter-target variance of the target being tested plays a different
and more significant role than in the standard formulation.
The adapted formula 1s as follows:

=M —Mp)/sqrt((V+Vp—med(V;))/(1/Nr+1/Np))
degrees of freedom=N+Np-2,

where T indexes the target being tested, and M, V -and N -
are 1ts estimated mean and variance, and 1ts number of spots
respectively. M., V., and N, are the estimated mean and
variance, and the number of spots, for the set of apparently
normal spots. Med(V,) 1s the median of the per-target vari-
ances for the chip.

Compared with a standard test for equality of two means,
this test gives extra weight to the tested target’s variance, so
that a target with higher CV will have a lower t-value than a

ow-CV target. In the standard formulation, because

N.<<N,, the tested target’s variance 1s swamped by the
weight applied to the variance of the apparently normal spots.
The consequence 1s that the significance levels or p-values
obtained from the computed t-value and the degrees of tree-
dom must be interpreted with care. These p-values are indica-
tive of relative significance.

As an example, the actual results of a DNA chip subject to
the targets analysis process 228 1s described below. Table A
illustrates exemplary results for a genomic microarray of 190
targets each with three replicate spots:

TABLE A
Number of Ratio Ratio  Significance
Name of target target spots Mean SD (P <)
FGR; SRC2 3 1.01 0.195
MYCN, N-myc 3 0.95 0.004
PIK3CA 3 1.04 0.075
EGFR; ERBB1 3 1.10 0.040
FGFR1, FLG 3 1.10 0.098
FGFR2, BEK 3 1.15 0.040
EMS1 3 1.12 0.030
CCND2 3 1.09 0.078
AR 3 3 0.78 0.009 0.005
STK15; BTAK, 3 1.02 0.019
ZNFEF217; ZABCI1 3 0.93 0.004
AR S 3 0.76 0.015 0.005
18p Tel 26806919 3 0.92 0.015
9q Tel 26806923 3 1.02 0.007
SRY 26806944 3 1.55 0.014
D1485362 3 0.89 0.010
D2S2983 3 0.97 0.010
4q Tel 3 0.78 0.006 0.005
STS NB268175V 3 0.65 0.018 0.001
TOP2B 3 0.92 0.040
AKT3 NB268175Z 3 0.89 0.043
PPARBP 3 1.16 0.013
3' KAL 3 0.77 0.008 0.002
XIST 26806956 2 0.81 0.005

The number of replicate spots 1s usually 3, and a number of
replicates which 1s fewer than 3 indicates a spot rejected
because of debris or similar problem). The mean represents
the value for the target of the normalized per-spot ratios. The
standard deviation (SD) indicates values for the target of the
normalized per-spot ratios, and the significance column
shows the difference between the target’s mean ratio and the
mean modal ratio, expressed as the probability that the target
1s 1n fact a member of the modal distribution.

Each target covers approximately 100-200 kbp of the
genome representing either a single gene (e.g., CCND2), a
small number of contiguous genes (e.g., CSE1L+CAS), or a
similar-sized genomic region not yet characterized (e.g., 3p

Tel).
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The chip 1s hybridized with normal human male DNA
(test) and normal human female DNA (reference). Because
males have one X chromosome while females have two, gene
targets that lie on the X chromosome (e.g., AR3', ARS', XIST,
KAL having 2 targets, STS having 2 targets) show a signifi-
cantly reduced ratio. Similarly, the single target that lies on
the Y chromosome (SRY) shows a sigmificantly increased
rat10. These targets are, e.g., AR 3' AR 5', 4q Tel, as shown in
Table A above. All other targets lie on chromosomes 1
through 22 where both males and females have two copies,
and thus show normalized ratios close to 1.0.

As 1llustrated 1n Table A, six of the seven X chromosome
targets have ratios that are significantly lower (right-hand
column) than the modal value, and are therefore true posi-
tives, while one (XIST) 1s not significant and 1s therefore a
false negative. The ratio of SRY (Y chromosome) 1s signifi-
cantly increased and this 1s also a true positive. 4q Tel also
shows a significant ratio decrease, which provides the single
false positive on this example microarray.

The relationships of the above described data can be under-
stood 1n conjunction with Table B, which further describes the

subset of the data described 1in Table A above:

TABLE B
Number of

target Significance

spots Ratio Mean  Ratio SD (P<...)
Modal mean, SD 1.004 0.081
AR 3 3 0.78 0.009 0.005
AR S 3 0.76 0.015 0.005
STS NB268175V 3 0.65 0.018 0.001
STS 26806942 3 0.67 0.010 0.001
3'KAL 3 0.77 0.008 0.002
KAL 26806972 3 0.69 0.005 0.001
XIST 26806956 2 0.81 0.005
SRY 26806944 3 1.55 0.014 0.001
4q Tel 11 3 0.78 0.006 0.005

The modal mean and SD represent the mean and standard
deviation of the normalized ratios of the subset of targets
identified as “plausibly modal” by the target-modal statistical
analysis 228. This 1s the baseline distribution with which
every target mean ratio 1s compared individually to determine
likelihood of being non-modal.

Subsequently, true-positive X chromosome targets are
shown 1n the next six rows from AR 3' to KAL 26806972. The
significance levels of their decreased mean ratios vary,
depending both on the difference from the modal mean value
1.004, and the standard deviation of the target. For example,
3'KAL has both a lower mean ratio and a smaller standard
deviation, and consequently a smaller confidence interval
around the mean ratio than AR 3'. Therefore, 1t has higher
significance (smaller p-value) for being non-modal.

Although AR5' has lower mean ratio than 3'KAL, 1t has a
higher standard deviation and wider confidence interval. In
computing the significance, the wider confidence interval
domuinates the mean ratio, with the result that the significance
of the AR5' result 1s actually less than the sigmificance for
3'KAL.

Next, data for XIST 1s shown having a false negative result.
The low significance 1s caused by two factors, namely, the
relatively high mean ratio of 0.81 having a small difference
from the modal mean of 1.004 and (11) the confidence interval
being particularly wide because XIST is represented by only
twO spots.

Furthermore, the estimated standard deviation of an
observed distribution may be converted to a confidence inter-
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val on the mean of the distribution by dividing by the square
root of the number of samples and then multiplying by a
suitable factor with this factor increasing rapidly as the num-
ber of samples decreases. Consequently, 11 the estimated stan-
dard deviations are equal, the confidence 1nterval for a target
with 2 spots becomes approximately 2.6 times wider than the
confidence interval for a target with 3 spots.

After XIST, Table B shows data for SRY, a true positive
target on the Y chromosome. Finally, Table B shows the data
for 4q Tel, a target region at the tip of the long arm of chro-
mosome 4. The low ratio for this target 1s unexpected and
unexplained and 1s thus a false positive.

The experiment 1s expected to produce false positives with
the numbers observed increasing with higher p-values, 1.¢.,
lower significance levels. In the case of 4q Tel, the p 1s less
than 0.003. False positives with this significance level can be
expected to occur at a frequency of approximately one 1n
every 200 targets. The microarray analyzed in Tables A and B
has 190 targets ol which 182 are expected to have near-modal

ratios. Therefore, one false positive at this significance level 1s
not uncommeon.

Other Embodiments

Although the example described above with reference to
FIGS. 1-12 relates to single copy change detection processes,
other fields of application are entirely within the scope of the
invention, especially in the broad sector of microarray pro-
cesses. Thus, a number of embodiments of the invention have
been described. Nevertheless, 1t will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the invention. Furthermore, although the
example describe above provides an analyzing process 110
having a particular order, the order of the various processes of
the analyzing process 110 may be performed 1n any order or
cven 1n parallel as appropriate for obtaining a suitable 1mage.
Accordingly, other embodiments are within the scope of the
following claims.

What 1s claimed 1s:

1. A method of detecting single copy number variation in a
target spot of a genomic microarray comprising:

acquiring an image of said microarray including said target

Spot;

processing the image to correct for chip misalignment;

processing the image to correct for background noise;

analyzing the image to 1dentily a target patch;

analyzing the image to edit debris;

analyzing the image to correct for ratio bias;

detecting single copy number variation 1n the target spot by

an objective statistical analysis;

wherein the genomic microarray includes a test genomic

material marked with receptors having a first wave-
length and a reference genomic material marked with
receptors having a second wavelength, the test and ref-
erence genomic materials forming the target spot by a
hybridization process;

turther comprising measuring a fluorescent signal intensity

of the target spot from the test genomic material and the
reference genomic material, wherein the fluorescent sig-
nal intensity of the first wavelength 1s proportional to a
copy number of the test genomic material and the fluo-
rescent signal intensity of the second wavelength 1s pro-
portional to a copy number of the reference genomic
material;

obtaining an 1image of a theoretical set of patches; and,

cross-correlating the image of the theoretical set of patches

to the 1image of the microarray.
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2. The method of claim 1, wherein the target spot 1s Deox-
yribonucleic Acid (DNA).

3. The method of claim 1, further comprising preparing a
genomic material prior to acquiring the image and generating
an array of the genomic material on a solid substrate.

4. The method of claim 1, wherein the genomic material
includes a range between 50 and 200 kbp.

5. The method of claim 3, wherein preparing the genomic
material includes 1solating the genomic material by an extrac-
tion process followed by nick translation labeling and poly-
merase chain reaction (PCR) labeling.

6. The method of claim 1, wherein the hybridization pro-
cess 1s a comparative genomic hybridization (CGH) process.

7. The method of claim 1, wherein subsequent to acquiring,
the 1mage of the genomic microarray and prior to correcting
tor the background noise, processing the image includes auto-
matically detecting misalignment of the genomic microarray
and correcting for rotation of the genomic microarray.

8. A method of detecting single copy number variation in a
target spot of a genormic microarray comprising:

acquiring an image of said microarray including said target

Spot;

processing the image to correct for chip misalignment;

processing the image to correct for background noise;

analyzing the 1image to 1dentily a target patch;

analyzing the image to edit debris;

analyzing the image to correct for ratio bias;

detecting single copy number variation 1n the target spot by

an objective statistical analysis;

wherein the genomic microarray includes a test genomic

material marked with receptors having a first wave-
length and a reference genomic material marked with
receptors having a second wavelength, the test and ret-
erence genomic materials forming the target spot by a
hybridization process;

turther comprising measuring a tluorescent signal intensity

of the target spot from the test genomic material and the
reference genomic material, wherein the fluorescent sig-
nal intensity of the first wavelength 1s proportional to a
copy number of the test genomic material and the fluo-
rescent signal intensity of the second wavelength 1s pro-
portional to a copy number of the reference genomic
material;
wherein correcting of the background noise includes:
computing the acquired 1mage;

computing a minimum image based on the computed

acquired 1mage;

computing a maximum image based on the computed

minimum image;
subtracting a background image from the computed
acquired 1mage to obtain a resulting 1image; and,

optimizing the correction for the background noise by
identifying a background peak of the resulting image
and subtracting the resulting 1mage to obtain a mean
value of zero for a corrected 1mage.

9. The method of claim 8, wherein the corrected 1image
includes pixels having signed values.

10. The method of claim 8, wherein 1dentifying a target
patch includes:

obtaining an image of a theoretical set of patches; and,

cross-correlating the image of the theoretical set of patches

to the image of the microarray.

11. The method of claim 9, wherein following 1dentifying
a target patch, the method fturther comprises:

computing a threshold by analyzing a pixel intensity of the

counterstained image to determine an initial segmenta-
tion of the target spot; and,
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performing a process for spot shape analysis and spot seg-
mentation.
12. The method of claim 11, further comprising:

performing a spot identification analysis; and
performing an artifact spot exclusion process wherein an

artifact spot 1s automatically excluded.
13. The method of claim 1, wherein editing of debris

includes automatically removing spot debris by recognizing
and excluding spot pixels within a target spot having outlying
intensity relative to a majority of the spot pixels.
14. The method of claim 13, wherein editing of debris
includes:
transforming test and reference intensities to polar coordi-
nates having as a {irst coordinate the overall intensity of
spot signals and having as a second coordinate the ratio;
applying a standard statistical test for outliers to the first
and second coordinates; and,
analyzing the shape of excluded spot pixels.
15. A method of detecting single copy number variation in
a target spot of a genomic microarray comprising:
acquiring an image of said microarray including said target
Spot;
processing the image to correct for chip misalignment;
processing the image to correct for background noise;
analyzing the image to 1dentily a target patch;
analyzing the 1mage to edit debris;
analyzing the 1mage to correct for ratio bias;

detecting single copy number variation in the target spot by
an objective statistical analysis;

wherein the genomic microarray includes a test genomic
material marked with receptors having a first wave-
length and a reference genomic material marked with
receptors having a second wavelength, the test and ret-
erence genomic materials forming the target spot by a
hybridization process;

turther comprising a fluorescent signal intensity of the
target spot from the test genomic material and the refer-
ence genomic material, wherein the fluorescent signal
intensity of the first wavelength 1s proportional to a copy
number of the test genomic material and the fluorescent
signal intensity of the second wavelength 1s proportional
to a copy number of the reference genomic material;
further comprising:

computing a ratio based on a test and a reference fluores-
cence signal intensity value associated with the target
Spot;

turther wherein correcting for ratio bias includes measur-
ing a raw ratio representing a ratio of total test fluores-
cence 1ntensity from the target spot and a total reference
fluorescence 1ntensity from the target spot;

normalizing the raw ratio by dividing the raw ratio of each
spot by the median over all spots of the raw ratio; and

turther wherein correcting for ratio bias includes:

selecting a subset of spots that have a normalized observed
ratio approximately equal to 1.0, referred to as “plausi-
bly modal spots™;

modeling an effect of bias 1n said subset of plausibly modal
spots by the equation R=r"”, where R represents said
normalized observed ratio, r 1s the reference intensity of
the spot, and B 1s a bias parameter that 1s constant across
all spots of a microarray;

estimating the optimum value of B from said subset of
plausibly modal spots;

performing ratio bias correction of unknown data by apply-
ing the correction formula R =

corrected GﬂgiﬂaZ/Rpredicred
and choosing a value of B that minimizes the mean
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square difference between the set of normalized original
ratios, and the set of normalized predicted ratios accord-
ing to equation R=r"".

16. A method of detecting single copy number variation 1n
a target spot of a genomic microarray comprising;

acquiring an image of said microarray including said target

Spot;

processing the image to correct for chip misalignment;

processing the image to correct for background noise;

analyzing to identily a target patch;

analyzing the 1image to edit debris;

analyzing the 1mage to correct for ratio bias;

detecting single copy number variation 1n the target spot by

an objective statistical analysis;

wherein the genomic microarray includes a test genomic

material marked with receptors having a first wave-
length and a reference receptors having a second wave-
length, the test and reference genomic materials forming
the target spot by a hybridization process;

turther comprising measuring a fluorescent signal intensity

of the target spot from the test genomic material and the
reference genomic material, wherein the fluorescent sig-
nal intensity of the first wavelength 1s proportional to a
copy number of the test genomic material and the fluo-
rescent signal intensity of the second wavelength 1s pro-
portional to a copy number of the reference genomic
material;

wherein the objective statistical analysis includes a target-

modal statistical analysis; and

wherein the target-modal statistical analysis includes:

for a selected subset of plausibly modal targets, estimating

a statistical distribution of ratios of plausibly modal
targets; and

for each target of the microarray, computing an estimated

target mean and a lower 95% confidence 1nterval limat;
and

for each target, reducing the lower 95% confidence interval

limit by the median 95% confidence interval over all
targets of the microarray; and

for each target, calculating a confidence estimate.

17. The method of claim 16, further comprising estimating
a relative copy number of a genomic sequence from the target
spot by the target-modal statistical analysis.

18. A computer program product residing on a computer
storage medium having instructions stored thereon which,
when executed by a logic processor, cause the processor to:

acquire an 1mage of a microarray including a target spot;

process the image to correct for background noise and chip
misalignment;

analyze the 1image to detect target spots;

analyze the 1mage to identily the target patch, edit debris,

and correct for ratio bias;:

detect single copy number variation in the target spot by an

objective statistical analysis;

wherein genomic microarray includes a test genomic mate-

rial marked with receptors having a first wavelength and
a reference genomic material marked with receptors
having a second wavelength, the test and reference
genomic materials forming the target spot by a hybrid-
1zation process;

measure a fluorescent signal intensity of the target spot

from the test genomic material and the reference
genomic material, wherein the fluorescent signal inten-
sity of the first wavelength 1s proportional to a copy
number of the test genomic material and the fluorescent
signal intensity of the second wavelength 1s proportional
to a copy number of the reference genomic material;
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obtain an 1mage of a theoretical set of patches; and

cross-correlate the image of the theoretical set of patches to

the 1mage of the microarray.

19. The computer program product of claim 18, wherein
the target spot 1s Deoxyribonucleic Acid (DNA).

20. The computer program product of claim 18, wherein
subsequent to causing the processor to acquire the image of
the genomic microarray and prior to causing the processor to
process the image for correcting the background noise, caus-
ing the processor to process the image further includes auto-
matically causing the processor to detect misalignment of the
genomic microarray and correct rotation of the genomic
microarray.

21. The computer program product of claim 18, wherein
the genomic material includes a range between 50 kbp and
200 kbp.

22. The computer program product of claim 18, wherein
the genomic microarray includes a test genomic material
marked with a first label having a first wavelength and a
reference genomic material marked with a second label hav-
ing a second wavelength, both test and reference genomic
materials forming the target spot by a hybridization process.

23. The computer program product of claim 18, further
causing the processor to:

compute a ratio based on a test and a reference fluorescence

signal itensity value associated with the target spot.

24. The computer program product of claim 20, wherein
correcting for ratio bias includes measuring a raw ratio rep-
resenting a ratio of total test fluorescence intensity from the
test fluorescence signal mtensity value and a total reference
fluorescence intensity from the reference fluorescence signal
intensity value.

25. The computer program product of claim 24, further
causing the processor to normalize the raw ratio by math-
ematical computation.

26. The computer program product of claim 25, wherein
correcting for ratio bias includes:

selecting a subset of spots that have a normalized observed

ratio approximately equal to 1.0, referred to as “plausi-
bly modal spots™;

modeling an effect of bias 1n said subset of plausibly modal

spots by the equation R=r"”, where R represents said
normalized observed ratio, r 1s the reference intensity of
the spot, and B 1s a bias parameter that 1s constant across
all spots of a microarray;

estimating the optimum value of B from said subset of

plausibly modal spots;

performing ratio bias correction of unknown data by apply-

ing the correction formula R, ... R ... ./R ), ciiceq
and choosing a value of B that minimizes the mean
square difference between the set of normalized original
ratios, and the set of normalized predicted ratios accord-
ing to equation R=r"".

277. The computer program product of claim 18, wherein
the objective statistical analysis includes a target-modal sta-
tistical analysis.

28. The computer program product of claim 27, wherein
the target-modal statistical analysis includes:

for a selected subset of plausibly modal targets, estimating

a statistical distribution of ratios of plausibly modal
targets; and

for each target of the microarray, computing an estimated

target mean and a lower 95% confidence interval limat;
and

for each target, modifying the lower 95% confidence inter-

val limit by the median 95% confidence interval over all
targets of the microarray; and
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for each target, calculating a confidence estimate for the
target by comparing the adjusted confidence interval
limit with the distribution of ratios of plausibly modal
targets.

29. A processor and a memory configured to:

acquire an 1mage of a microarray including at least one
target spot;

process the image to correct for background noise and chip
misalignment;

analyze the image to detect target spots;

analyze the image to 1identily a target patch, edit debris, and
correct for ratio bias; and,

detect single copy number variation 1n a target spot by an
objective statistical analysis;

wherein the microarray includes a test genomic material
marked with receptors having a first wavelength and a
reference genomic material marked with receptors hav-
ing a second wavelength, the test and reference genomic
materials forming the target spot by a hybridization pro-
CESS;

measure a fluorescent signal intensity of the target spot
from the test genomic material and the reference
genomic material, wherein the fluorescent signal inten-
sity of the first wavelength 1s proportional to a copy
number of the test genomic material and the fluorescent
signal intensity of the second wavelength 1s proportional
to a copy number of the reference genomic materal;

obtain an 1mage of a theoretical set of patches; and,

cross-correlate the image of the theoretical set of patches to
the 1mage of the microarray.
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30. A system comprising:

means for acquiring an 1mage of a microarray including at
least one target spot;

means for processing the image to correct for background
noise and chip misalignment;

means to analyze the image to detect target spots;

means for analyzing the image to identily a target patch,
edit debris, and correct for ratio bias; and,

means for detecting single copy number variation in the
target spot by an objective statistical analysis;

wherein the microarray includes a test genomic material
marked with receptors having a first wavelength and a
reference genomic material marked with receptors hav-
ing a second wavelength, the test and reference genomic
materials forming the target spot by a hybridization pro-
CESS;

means for measuring a tluorescent signal itensity of the
target spot from the test genomic material and the refer-
ence genomic material, wherein the fluorescent signal
intensity of the first wavelength 1s proportional to a copy
number of the test genomic material and the fluorescent

signal intensity of the second wavelength 1s proportional
to a copy number of the reference genomic material;

means for obtaining an image of a theoretical set of
patches; and,

means for cross-correlating the image of the theoretical set
of patches to the image of the microarray.
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